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Abstract
We present follow-up observations to those of Geballe & Oka (2010), who found high column densities
of H+3 ∼100 pc off of the Galactic center (GC) on the lines of sight to 2MASS J17432173-2951430 (J1743)
and 2MASS J17470898-2829561 (J1747). The wavelength coverages on these sightlines have been extended
in order to observe two key transitions of H+3 , R(3,3)
l and R(2,2)l, that constrain the temperatures and
densities of the environments. The profiles of the H+3 R(3,3)
l line, which is due only to gas in the GC,
closely matches the differences between the H+3 R(1,1)
l and CO line profiles, just as it does for previously
studied sightlines in the GC. Absorption in the R(2,2)l line of H+3 is present in J1747 at velocities between
−60 and +100 km s−1. This is the second clear detection of this line in the interstellar medium after
GCIRS 3 in the Central Cluster. The temperature of the absorbing gas in this velocity range is 350 K,
significantly warmer than in the diffuse clouds in other parts of the Central Molecular Zone. This indicates
that the absorbing gas is local to Sgr B molecular cloud complex. The warm and diffuse gas revealed by
Oka et al. (2005) apparently extends to ∼100 pc, but there is a hint that its temperature is somewhat
lower in the line of sight to J1743 than elsewhere in the GC. The observation of H+3 toward J1747 is
compared with the recent Herschel observation of H2O
+ toward Sgr B2 and their chemical relationship
and remarkably similar velocity profiles are discussed.
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1. Introduction
The study of the interstellar medium in the Galactic
center using H+3 as an astrophysical probe was initiated
by Geballe et al. (1999), who discovered that the Galactic
center is the richest reservoir of H+3 in the Milky Way.
The column density of H+3 toward the Galactic center is
> 1015 cm−2, an order of magnitude higher than in dense
molecular clouds (McCall et al. 1999) and in diffuse clouds
in the Galactic disk (McCall et al. 2002; Indriolo et al.
2007). Studies of H+3 in the interstellar medium initially
relied on the vibration-rotation transitions from the two
lowest rotational levels, (J , K)=(1,1) and (1,0). The first
interstellar H+3 line from a higher rotational level was dis-
covered by Goto et al. (2002) toward the bright infrared
sources GCIRS 3 and GCS 3-2, near the Galactic cen-
ter. The (J , K) = (3,3) level from which the observed
R(3,3)l originates is 361 K above the lowest level, and is
“metastable”, that is, H+3 in this level does not decay by
spontaneous emission (Pan & Oka 1986).
∗ Based on data collected at Subaru Telescope, which is operated
by the National Astronomical Observatory of Japan.
Oka et al. (2005) determined the physical state of the
gas toward the bright star GCS 3-2 in the Galactic cen-
ter based on a steady state calculation of thermalization
by Oka & Epp (2004). Their results are summarized as
follows: (1) compared to diffuse clouds in the Galactic
disk, the gas in the Galactic center producing absorption
by H+3 has a similar density (≤100 cm
−3), but a much
higher temperature (∼250 K); (2) The path length of the
absorbing cloud is at least 30 pc, which means it occu-
pies a significant portion of the volume of the Galactic
center; (3) the cosmic ray ionization rate of H2 must be
at least 10−15 s−1, with the limiting value in effect if the
absorbinng clouds’ line of sight dimension is the full diam-
eter of the Central Molecular Zone of the Galaxy (CMZ)
(Morris & Serabyn 1996, 200 pc).
Subsequently Goto et al. (2008) found that the inter-
pretation by Oka et al. (2005) is universal for sightlines
toward 8 stars located in the Galactic center and extend-
ing from Sgr A* to 30 pc east of Sgr A*. Without excep-
tion all eight sightlines they observed show strong R(1,1)l
and R(3,3)l absorptions with similar column densities of
H+3 as toward GCS 3-2, demonstrating that the warm and
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diffuse gas is present over a wide region of the CMZ.
In order to explore a wider region of the CMZ, Geballe
& Oka (2010) have undertaken a spectroscopic search,
from 170 pc east to 170 pc west of Sgr A*, for bright in-
frared stars in SpitzerGLIMPSE catalogue (Ramı´rez et al.
2008) with clean infrared continua, that can serve as back-
ground sources for H+3 spectroscopy. They have reported
strong H+3 R(1,1)
l and CO v=2-0 absorption toward
two stars thus selected, 2MASS J17432173-2951430 and
2MASS J17470898-2829561 (hereafter J1743 and J1747),
located 130 pc to the West and 80 pc to the East of Sgr A*,
respectively. Their results strongly imply that the warm
and diffuse environment revealed by Oka et al. (2005) ex-
tends to radii of ∼100 pc.
In the present study we have observed the key R(3,3)l
and R(2,2)l absorptions toward J1743 and J1747 in or-
der to better determine the properties of these two new
sightlines. The distance to the Galactic center is assumed
to be 7.6 kpc throughout this paper (Eisenhauer et al.
2005; Nishiyama et al. 2006).
2. Observation and Data Reduction
Spectra of J1743 and J1747 were obtained at the Subaru
Telescope on UT 4 May 2010 by the high-resolution in-
frared spectrograph IRCS (Kobayashi et al. 2000). The
resolving power used was R=20,000. The angle settings
of the echelle and cross-dispersing gratings were −9000
and 2400, respectively, in order to cover H+3 R(4,4)
l
[3.4548 µm], R(2,2)l [3.6205 µm], R(1,0) [3.6685 µm], and
R(1,1)u [3.6681 µm], and −200 and 4000, respectively, to
cover R(3,3)l [3.5337 µm]. The data were obtained while
nodding the telescope along the slit, whose dimensions
were 0′′.14 ×6′′.7, so as to be able to easily subtract the
thermal sky background. The positions of the targets were
continuously manually centered during the observation to
maximize the throughput. The centering was performed
with the camera of IRCS observing the L′ band, the same
wavelength as the spectroscopic observation, to minimize
differential atmospheric refraction. An early-type spectro-
scopic standard star, HR 6378 (A2 V, V =2.43), was ob-
served immediately before or after the object observation
through similar airmass. Standard calibration data were
obtained in the morning; these included spectroscopic flat-
fields with the same grating settings. The sky was clear
and stable during the night, with the seeing measured as
0′′.59 in the K band. The journal of observations is shown
in Table 1.
Data reduction was performed as described by Goto et
al. (2008). The raw spectrograms were pair-subtracted,
flat-fielded, and corrected for outlier pixels. One dimen-
sional spectra of each of the Galactic center objects and
of the standard star were extracted using IRAF1 aperture
extraction package. The spectra of the Galactic center
sources were further processed using custom-written IDL
1 IRAF is distributed by the National Optical Astronomy
Observatories, which are operated by the Association of
Universities for Research in Astronomy, Inc., under cooperative
agreement with the National Science Foundation.
Fig. 1. Top (a): the spectra of H+
3
at R(4,4)l , R(2,2)l,
R(1,0) [overlapped with R(1,1)u ] in the line of sight to
2MASS J17432173-2951430. H+
3
R(1,1)l and CO R(0) lines
are taken from Geballe & Oka (2010). Botoom (b): same
with the left, but for 2MASS J17470898-2829561. The veloc-
ities marked by the vertical lines are 0, −27, −60, −172, and
−200 km s−1 for J1743, and 84, 62, 8, −42, and −95 km s−1
for J1747.
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Fig. 2. Top (a): R(1,1)l and CO R(0) spectra of
2MASS J17432173-2951430 taken from Geballe & Oka (2010).
CO R(0) is scaled by the factor of 0.2 so that the sharp ab-
sorption lines at −60 km s−1 are roughly with the same depth.
The difference of the two spectra is shown in orange in the
lower trace to compare it with R(3,3)l spectrum obtained in
this study. R(3,3)l spectrum is scaled by 2 to match the dif-
ferential spectra of R(1,1)l and CO R(0). Bottom (b): same
as the top, but for 2MASS J17470898-2829561. CO R(0) is
scaled by 0.15 so that the absorption line at −42 km s−1
is roughly the same depth with R(1,1)l . The differential
spectrum of R(1,1)l and CO R(0) is compared in the lower
trace. R(3,3)l matches well with the differential spectrum at
> −60 km s−1 after scaling by 0.67 (black trace), while the
scaling factor is close to unity at <−60 km s−1 (gray trace).
codes for correction for the telluric absorption lines, using
the spectra of the standard star. Slight wavelength off-
sets, differences in airmass, fringes on the continuum, and
saw-tooth features produced by different readout channels
were simultaneously removed. Wavelength calibration was
performed by maximizing the correlation with a model
atmospheric transmission curve calculated using ATRAN
(Lord 1992) and is better than 1 km s−1. Wavelengths
were converted to radial velocities with respect to the local
standard of the rest, using IRAF rv package. Normalized
absorption spectra of H+3 are shown in Fig. 1 for J1743
and J1747, together with the H+3 and CO spectra from
Geballe & Oka (2010).
3. Results
The spectra of H+3 R(1,1)
l and the CO v=2-0 R(0) line
in Geballe & Oka (2010) are considerably different from
each other. Here we compare in detail the difference spec-
tra of those two lines to the R(3,3)l line profiles observed
here.
The upper traces of Fig. 2a superimpose the velocity
profiles of the H+3 R(1,1)
l and CO R(0) lines in J1743
taken from Geballe & Oka (2010), but after rescaling
CO R(0) by a factor of 0.2 so that the common absorp-
tion components at −60 km s−1, which probably both
arise solely in dense molecular gas in the foreground 3 kpc
spiral arm as discussed by e.g., Oka et al. (2005), are
roughly the same depth. In J1743 the H+3 R(1,1)
l line
profile consists of six distinct absorptions, at 0, −27, −60,
−75, −172, −200 km s−1, with minor substructure in the
−172 and 0 km s−1 components (Geballe & Oka 2010).
The CO v=2-0 line shows only three of these features: at
−60, −172 and −200 km s−1. Perhaps most remarkably
the CO profile is completely lacking the 0 km s−1 compo-
nent, which is the strongest component in the H+3 R(1,1)
l
profile. The lower trace in orange represents the difference
spectrum of R(1,1)l and the scaled CO R(0) overlaid with
R(3,3)l from the present study. Despite being at lower
spectral resolution than Geballe & Oka (2010), the R(3,3)l
profile qualitatively reproduces the difference spectrum,
showing absorption components at 0, −75 km s−1 as
well as the extra absorption at −172 km s−1. The
two cloud components with the high negative velocities
of −200 km s−1 and −172 km s−1 are due to local dense
clouds in Sgr E as previously observed by Liszt (1992).
The spectra of J1747 follow the same pattern. The up-
per traces of Fig. 2b are the H+3 R(1,1)
l and CO 2-0 R(1)
lines in J1747 (Geballe & Oka 2010), after rescaling the
CO line by a factor of 0.15, so that the common absorption
components at −42 km s−1, which probably arise in dense
cloud material in the foreground 3 kpc spiral arm, are the
same depth. The absorption by CO v=2-0 at negative ve-
locities cuts off at −60 km s−1, unlike the absorption by
H+3 R(1,1)
l, which extends to −150 km s−1. The absorp-
tions by H+3 R(1,1)
l and CO have similar extents at pos-
itive velocities but that of H+3 is much stronger than CO
v=2-0 after scaling. Again the R(3,3)l profile reproduces
the extra absorption of R(1,1)l well, with two broad ab-
sorption components, from −120 to −60 km s−1 and from
−60 to 100 km s−1. The rule that CO and H+3 R(3,3)
l
separately trace dense and diffuse gas in a line of sight,
respectively, while R(1,1)l traces both of them (Oka et al.
2005), thus also applies to J1743 and J1747. This consis-
tency lends support to the idea that the warm and diffuse
clouds found on sightlines within 30 pc of the Galactic
nucleus are present out to ∼100 pc.
Closer examination of the J1747 data reveals that the
scaling factors of R(3,3)l needed to match R(1,1)l are
slightly different at < −60 km s−1 and > −60 km s−1.
The R(1,1)l − CO R(0) difference spectrum matches
the R(3,3)l at > −60 km s−1 when scaling R(3,3)l by
0.67 (black trace in Fig. 2b), while the scaling factor
at < −60 km s−1 is close to unity (gray trace). This
is most simply interpreted as a temperature effect. The
> −60 km s−1 absorption is probably local to the Sgr B
star forming region (Geballe & Oka 2010), as is seen in
the broad and strong absorption of CO v=2-0. We infer
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Fig. 3. Temperature distribution in the CMZ as a function
of the distance from the Galactic nucleus. The distance to
the Galactic center is assumed to be 7.6 kpc. The data for
the Central cluster and the Quintuplet cluster are taken from
Goto et al. (2008). The filled squares are of the present
study. The open circle is for the positive velocity component
in 2MASS J17470898-2829561, which is likely locally associ-
ated to Sgr B star forming region.
that the absorbing gas in Sgr B is warmer and thus pro-
duces a higher n(3,3)/n(1,1) ratio. The < −60 km s−1
absorption probably arises in the somewhat cooler diffuse
clouds elsewhere in the CMZ.
The equivalent widths of the absorption lines in the
warm and diffuse gas have been converted to the column
densities in the v=0 (1,1), (2,2) and (3,3) levels in the
same manner as Geballe et al. (1999); Goto et al. (2002).
The squares of transition dipole moments used for R(1,1)l,
R(2,2)l, R(3,3)l, and R(4,4)l, 0.0141, 0.0177, 0.0191, and
0.0198 D2, respectively, are based on the Einstein A co-
efficients given in Neale, Miller, & Tennyson (1996). The
densities and the temperatures of the absorbing clouds
were determined from the relative populations of H+3 in
(J ,K)=(1,1), (2,2) and (3,3), using the steady state model
of Oka & Epp (2004). The detection of the R(2,2)l line to-
ward J1747, only the second detection of this line, allows
the density in this sightline to be determined, rather than
an upper limit. The results are shown in Table 2. Fig. 3
shows the temperature distribution in the CMZ as a func-
tion of the distance from the Galactic nucleus. The cloud
temperatures observed so far in the CMZ are in the range
100–400 K. There is some possibility that temperatures
are lower in the line of sight to J1743 than elsewhere.
4. Discussion
The region containing warm and diffuse gas is now 7
times more extensive in Galactic longitude than originally
found by Goto et al. (2008). This environment remains
exclusive to the CMZ of the Galactic center, as R(3,3)l
has not been detected in the clouds in the Galactic disk.
How far beyond a radius of 100 pc the outer boundary of
the cloud is yet to be determined. Although the obser-
vations reported in this paper are only toward two stars,
one 130 pc West and the other 80 pc East, additional ob-
servations toward several other stars between them (Oka
et al., in preparation) yield comparable column densities
of H+3 in warm and low density clouds, further suggesting
that this environment exists throughout the CMZ with a
large volume filling factor.
The recent detections of strong far infrared absorption
by H2O
+ toward Sgr B2 (Schilke et al. 2010) using the
HIFI instrument on the Herschel Space Observatory have
given independent evidence for the existence of a large
amount of diffuse gas in the CMZ. Because H2O
+ is pro-
duced from OH+ through the hydrogen abstraction reac-
tion OH+ + H2 → H2O
+ + H, and OH+ is produced
either from O+ by the hydrogen abstraction reaction O+
+ H2 → OH
+ + H, or from O by the proton hop reaction
O + H+3 → OH
+ + H2, H2O
+ is closely related chemi-
cally to H+3 . H2O
+ is rapidly destroyed by H2 through
hydrogen abstraction reaction H2O
+ + H2 → H3O
+ +
H, so it cannot be abundant in dense clouds. Gerin et
al. (2010) and Neufeld et al. (2010) who observed strong
absorption by both OH+ and H2O
+ toward W31C and
W49N, respectively, have concluded from chemical analy-
sis that these molecular ions are found in diffuse gas with
a very low fraction of molecular hydrogen, f(H2). Unlike
H+3 they cannot be used to determine temperatures di-
rectly because due to their large dipole moments, only the
lowest levels are populated. The “spin” temperature de-
termined from the observed ortho to para ratio of H2O
+
is not straightforward to interpret in terms of a kinetic
temperature. Gerin et al. (2010) estimate T ∼ 100 K.
In addition to the chemical connection between H2O
+
and H+3 , there is some direct observational evidence that
the two species are co-located. The velocity profiles of
ortho- and para-H2O
+ reported by Schilke et al. (2010)
(see their Figs. 1 and 2) are remarkably similar to the
H+3 velocity profile toward J1747 of Geballe & Oka (2010)
reproduced in Figs. 1 and 2 of this paper. Not only do
both range from ∼−120 km s−1 to ∼90 km s−1, but also
the velocities of individual peaks approximately match.
The identical peaks at −48 km s−1, −26 km s−1, and
4 km s−1, which are due to the three foreground spiral
arms, are not surprising. However, the absorption peaks
near −100 km s−1 and 60 km s−1, which are due to gas
within the GC, also match (Oka 2010). Similar agree-
ment is observed between the velocity profiles of 13CH+
(E. Falgarone, private communication) and H+3 . We re-
gard these as strong indications that H2O
+, CH+ and H+3
are largely found together. This is somewhat surprising
since H2O
+ and CH+ require low f(H2) while H
+
3 favors
high f(H2). The locations of Sgr B2 and J1747 are sep-
arated in the plane of the sky by 16 pc. The velocity
correspondence may be due to the large extents of diffuse
clouds within the Sgr B complex.
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Table 1. Journal of observations.
l b L Lines covered Exposure Grating∗ Standard
[◦] [◦] [s] ECH XDP Name Spe.
2MASS J17432173-2951430. . . -1.046 -0.065 3.8 R(4,4)l , R(2,2)l, R(1,1)u, R(1,0) 960 −9000 2400 HR 6378 A2 V
R(3,3)l 480 −200 4000 HR 6378 A2 V
2MASS J17470898-2829561. . . 0.548 -0.059 R(4,4)l , R(2,2)l, R(1,1)u, R(1,0) 5400 −9000 2400 HR 6378 A2 V
R(3,3)l 5400 −200 4000 HR 6378 A2 V
∗ “ECH” and “XDP” denote the motor settings for the angles of echelle and cross-dispersing gratings in the instrumental unit.
Table 2. Column densities of H+
3
toward 2MASS 1747 and 2MASS 1743.
∆va N(1,1) N(3,3) N(2,2)d N(4,4)d n(3,3)/n(1,1) n(3,3)/n(2,2) n(H2) T (H2)
[km s−1] [1014cm−2] [1014cm−2] [1014cm−2] [1014cm−2] [cm−3] [K]
2MASS J17470898-2829561. . . −150,−60b 6.0±0.7 4.3±1.3 <0.8 <1.8 0.7±0.2 >5.4 <50 200–350
−60,+100c 16.4±1.2 18.2±2.2 5.8±1.5 <3.3 1.1±0.2 3.1±0.9 100–150 300–400
2MASS J17432173-2951430. . . −220,+20 12.8±1.9 5.7±.2.2 <2.1 <5.0 0.45±0.2 >2.9 <50 150–250
a The interval that the column densities are calculated. b The CMZ component. c Sgr B component. d The upper limits are for 1 σ.
